Anode manufacturing is an important step during the production of primary aluminum, and baking is the costliest stage of the anode manufacturing process. The industrial challenge resides in obtaining a good anode quality while keeping the energy consumption, environmental emissions, and cost to minimum. A dynamic process model has been developed for horizontal anode baking furnaces. It covers all important phenomena such as fuel combustion, generation and combustion of volatiles (tar, methane, and hydrogen), air infiltration, and heat losses to the atmosphere and the foundation. The model was built using two coupled sub-models of the flue and the pit and was validated using the plant data. It simulates the dynamic behavior of the furnace and gives a prediction of its operation and performance. In this article, the modelling approach will be described, and the results of a number of case studies will be presented.
Introduction
The Hall-Héroult process is the main technology used in industry for the primary aluminum production and uses carbon anodes for the reduction of alumina to aluminum. During the anode manufacturing, after the mixing and compacting operations, the green anodes are cooled and stored until they are baked in large furnaces (horizontal or vertical). The green anode is typically composed of a mixture of 85% dry aggregate (about 65% calcined petroleum coke and 20% recycled butts and anodes) and 15% liquid pitch [1] . The green anode quality depends on the properties of raw materials and the process parameters during its production. The anode baking stage is the most costly step of the anode manufacturing process and affects the final anode quality significantly. Also, attention must be paid during the anode baking process to maintain or improve the anode quality while minimizing energy consumption. The green anodes are baked in immense furnaces, called also ring furnaces. There are generally two distinctly different baking furnace designs that are found in the aluminum industry: the horizontal furnace (open top) and the vertical furnace (closed top). These furnaces act as high temperature heat exchangers involving indirect heating by the combustion of gas and volatile matter. One furnace can include 34 (two fire cycles) to 70 (four fire cycles) sections arranged in two parallel rows connected at each end by crossover. One section contains four to eight parallel pits, each one enclosed in between two flues. After placing in the pits, the green anode blocks are surrounded by packing coke to protect them against oxidation, to support them mechanically, and to provide heat transfer from the flue wall to the anodes block. After each fire cycle, the ramps of burners along with exhaust and cooling manifolds are shifted to the following section in the flue gas flow direction. This operation is called fire permutation. During the baking process, the anode temperature rises as the burner ramps approach (preheating) and reaches its highest value (1000 to 1200°C) when the burner ramps are in that section (heating). The fuel consumption depends on the green anode properties, furnace design, anode baking procedure (maximum temperature, baking cycle time, etc.), and furnace operating conditions. The anode baking furnace must to be optimized to be able to obtain the best possible anodes properties (required for the reduction of alumina in electrolysis) and to minimize the energy consumption. The mathematical modeling became an important tool for the study of the behavior of anode baking furnaces and for optimizing different parameters or testing design changes. In general, it is difficult to make detailed measurements around the furnace due to limited accessibility, high cost, and duration involved. This limitation could be alleviated by mathematical modeling which provides information on furnace performance, including the distribution of solid and gas temperatures during baking. A comprehensive review of various modelling approaches is given in reference [2] . A detailed investigation of anode baking process began in 1980s first with a mathematical model proposed by Furman [3] and second with an American patent [4] . Since then, the research in this field is constantly growing. Mathematical models with various approaches (simple or complex) were reported. Some models provide only the temperature history during baking by only solving the transient heat conduction equation for the solid parts (anodes block, packing coke, and refractory brick) [5] [6] [7] [8] . In some models, the baking process is modelled in more detail, including the flue gas flow and the heat conduction through the solids. Some authors considered the anode baking furnace as a counter-flow heat exchanger where the solids were treated in a way as if they moved in the opposite direction of the gas flow [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . In these models, the mass and energy balance equations were solved in one direction along the furnace length and the heat conduction through the solids (anodes bloc, packing coke, and refractory wall) in one or two directions. They became a useful tool in understanding and improving furnace operation. The developments in numerical modelling and computer capacity (memory and speed) became increasingly significant. As a consequence, a full 3D transient model was reported in mid-1990's [22] . The progress in mathematical modelling continued to grow, and many models of varying complexity, but similar in nature to these early works have been reported [23] [24] [25] [26] [27] [28] . These models (in 2D or 3D) included most of the numerous phenomena taking place in the anode baking furnace. Models of greater complexity are useful for changing or improving the furnace design; however, due to high memory and computation time requirement, the evaluation of the overall furnace operation is difficult. The process models use a number of simplifications, but give a good representation of the baking process in the furnace including all sections of a fire cycle. Thus, they can be used to predict the furnace behavior during operation [21] . A dynamic process model was developed to study the behavior of horizontal anode baking furnaces in order to determine the impact of various operational parameters and consequently to improve the baking process. In most of process models reported in the literature, the flue gas flow was considered as horizontal along the furnace length. The main difference was the treatment of solids. The heat transfer trough the solids was solved either in the vertical direction [29] or on a vertical [16, 18] or a horizontal plane [21] . In the actual horizontal baking furnace, due to the presence of baffles, the flow in the flue is not horizontal (see Figure 1) . In this work, to have a more realistic representation of the flow in the flue, the gas flow is considered vertical as shown in Figure 1 . The model is described in the following section. 
Mathematical Model
Mathematical modelling has become an important tool for the understanding, testing, and optimization of various parameters of the anode baking process in a horizontal furnace. The dynamic process model was built in two steps for flexibility reasons. First the pit sub-model and the flue sub-model were developed separately and then the two sub-models were coupled through an interface at the refractory surface on the flue side. The baffles divide the flue into four parts. In each part, the flow is considered vertical (in alternate directions) as shown in Figure 2a . The heat transfer in solids is solved on vertical planes perpendicular to the gas flow direction as shown in Figure 2b (P1 to P4) because the heat transfer in solids in the direction parallel to the gas flow is much less than in the other directions. Four planes corresponding to four parts are considered in each section (see Figure 2b) . The advantage of the flow representation in Figure 2a is that the temperature distribution in the flue gas could be obtained in two directions (variation in the vertical and horizontal directions along the furnace). This also leads to twodimensional temperature distribution on the refractory wall (on the flue side). Therefore, since the heat transfer equation is solved on a vertical plane across the solids using the vertical temperature distribution on the flue wall, a more realistic temperature distribution is obtained in the solids. The energy balance includes the heat transfer by convection and radiation. The combustion of fuel is imposed in the sections where the burners are. The volatiles (hydrogen, methane, and tar) coming from anodes are directly transferred to the flue and burned. The heat losses from the top (to the ambient atmosphere) and the bottom (to the foundation) were considered in the model. The overall mass balance for each cell is given as follows (the total mass flow out of a cell is equal to the sum of all mass flows coming in):
Similar equations were written for the chemical species. The energy balance is expressed as follows: The pressure variation along the furnace was determined using the pressure drop equation resulting from a flow in a duct. The pit sub-model solves the conduction heat transfer through the solids (refractory wall, packing coke, and anode block) on each vertical plane. Each section has four such planes. Thus, in the model, the number of vertical planes on which the transient differential conduction equation is solved is equal to four times the number of sections considered (for example, if 10 sections are considered in a fire cycle, temperature profiles are obtained on 40 vertical planes). This sub-model takes into account also the volatile evolution from anodes (tar, methane, and hydrogen) and the heat losses from the top to ambient air and from the bottom to the foundation [30] . Each plane is divided into a large number of cells in 2D. The equation can be written as: The volatile evolution is calculated from the following kinetic equation: [31] . In the model, it was assumed that the volatiles are burned instantaneously at the same rate as they are released from the anode (if the gas temperature is above their ignition temperatures). However, different combustion patterns could be implemented depending on the baking process. The two sub-models (pit sub-model and flue sub-model) are coupled via an interface located at the refractory wall surface on the flue side. The model calculations start with an imposed temperature distribution on the refractory wall surface. Then, the calculations on the flue side are carried out for all sections, i.e., on the entire fire cycle. Then, using the heat fluxes resulting from the calculated gas temperatures as the boundary conditions, the pit side equations are solved on the vertical planes in the pit submodel. This gives a new temperature distribution on the refractory wall surface. This procedure is repeated at each time step until the end of the fire cycle is reached. The model was validated using the plant data obtained from a number of measurement campaigns.
Results and discussions
Various simulations were carried out with the model. The results of one of the simulations are given in Figures 3 to 9 . Figure 3 shows the normalized average temperature variation for the gas, the refractory wall and the anodes along the furnace after 8 hour of heating following the permutation (the beginning of a firing cycle) as well as at the end of one complete firing cycle. After permutation, the temperature profiles vary as a function of time reaching their final values at the end of the firing cycle. The model also gives two-dimensional distribution of the gas temperature in the flue of each section of the fire cycle along the furnace and two-dimensional temperature distributions on numerous verticals planes across the solids (refractory wall, packing coke, and anodes). All of these distributions are determined at a number of time steps and thus are available as a function of time. The results are presented for sections 2 (preheating), 5 (heating), and 8 (cooling). The 2-D gas temperature distributions are shown in Figures 4, 6 , and 8, in sections 2, 5, and 8, respectively, after 8 hours of heating and at the end of one fire cycle. The temperature varies clearly along both the length and the height of the furnace. In sections 2 and 5 (preheating and heating sections, respectively), the temperature decreases in the direction of gas flow due to the transfer of heat to the solids at a given time. Also, the temperatures increase with time. In section 8 (cooling section), the gas temperature increases in the gas flow direction due to the cooling of the solids at a given time, and the temperatures decrease as a function of time. Figures 5, 7, and 9 give the 2-D temperature distributions within the solids on the vertical plane P4 (see Figure 2 ) in sections 2, 5, and 8, respectively. The solid temperature decreases from the refractory wall surface to the anode center in sections 2 and 5 (preheating and heating sections, respectively) due to the heat transfer from the gas to the solids. In the cooling section however (section 8), the temperature increase is in the direction of anodes to flue since the heat is transferred from hot anodes to colder flue gas. Such results can be obtained from the model for all sections in the fire cycle. Depending on the baking process or the pitch properties in green anodes, the amount of the volatiles released could vary during baking. To determine its impact, two cases were studied; the total amount of volatiles released was taken as 5.4% (Case 1) and 6.6% (Case 2) of the total green anode weight. Figure 10 shows the variation of the gas mass fractions (oxygen: Figure 10 (a), CO2, and H2O: Figure 10b ) and the energy provided due to the volatile combustion (Figure 10c ). Compared to Case 1, the oxygen mass fraction decreases and the combustion gas mass fractions (CO2 and H2O) increase for Case 2 due to the greater contribution of combustion. Figure 10d presents the resulting average gas, refractory wall, and anode temperatures along the furnace for the two cases. The temperatures are also affected due to the change in the combustion pattern.
Conclusions
The process model developed is a useful tool to investigate the horizontal anode baking furnace performance. The model allows the 2-D visualization of flue gas temperature distribution within any section at any time during baking. It gives also the 2-D temperature distribution on a large number of vertical planes across the solids (refractory wall, packing coke, and anode blocks) along the furnace. This model serves as a powerful tool to determine the impact of various operational parameters on the furnace performance and to carry out parametric studied to optimize the baking process. Comparison of the two cases studied: variation along the furnace length of (a) the oxygen mass fraction, (b) the CO2 and H2O mass fractions, (c) the energy provided due to volatile combustion, and (d) the average gas, refractory wall, and anode temperatures.
